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Introduction

27
Gene guns are aimed at delivering DNA loaded micro-particles into target tissues at high speed (Zhang et the micro-particles delivery and evaluate achievable performance from the gene guns, mathematical 32 models are often developed which aim to simulate the micro-particles transfer process for specific gene momentums of the particles which again depend on the particle size, density and velocity.
49
As well known, human skin is a major component of the body that must be considered in the study of 50 micro-particles penetration. The skin helps to prevent the entry of foreign substances into the body 51 (Holbrook et al., 1974; Scheuplein et al., 1971) . It also provides a great resistance to the moving 52 micro-particles during a particle delivery process. The skin consists of three main layers, which are the 53 stratum corneum (SC), viable epidermis (VE) and the dermis (Parker, 1991; Phipps et al., 1988) . On 54 average the stratum corneum is between 10 and 20 μm thick (Holbrook et al., 1974 ) which may vary in 55 different regions of the body and amongst different groups of people. The thickness of the epidermis also 56 varies in different regions of the body but it has been reported to have an average thickness of 20 to 100 57 μm (Matteucci et al., 2009; Schaefer et al., 1996) . In addition, the thickness of the dermis varies between 58 1.5 and 3mm (Lambert et al., 2008) and especially on the back it can be up to 4 mm thick (Rushmer 1966 ).
59
The VE of the skin is the target layer for of DNA vaccination for previous needle free gene gun systems. In a recent study, it has been shown that the penetration depths of micro-particles could be improved 65 further to the dermis layer based on the use of microneedles (MNs) by creating holes on the target which 66 allow a percentage of micro-particles penetrate through to achieve the purpose of improved penetration 67 depth (Zhang et al., 2013b) . MN arrays are minimally invasive systems that bypass the outer layer of skin, 68 namely the stratum corneum, to achieve increased transdermal drug delivery (e.g., Olatunji 
133
Acceleration stage uses a compressed gas as a driving force to accelerate the ground slide to a certain 134 velocity which is controlled by the operating pressure in the receiver (see Figure 1) . A compressed gas (air 135 in this case) is released from a gas cylinder and stored in the receiver (Zhang et al., 2013b) . The pressure 136 inside the receiver is detected by a sensitive pressure transducer. Before the solenoid valve of the system 137 is opened, the initial volume and pressure inside the receiver are V 1 and P 1 . After the valve is opened, the 138 gas expands and accelerates the ground slide. The volume of air increases to V 2 and the pressure 139 decreases to P 2. Assuming that the gas expands adiabatically, we can apply the Boyle's law (Webster, 140 1995) to obtain:
Where γ is the heat capacity ratio. This process defines gas as a fluid where 4 . 1 = γ for diatomic gas and 143 6 . 1 = γ for a monatomic gas.
144
In the acceleration stage, only air does work on the ground slide. The work done by the gas is:
Where L is the length of the acceleration stage and R is the radius of the ground slide. slide with the pellet as M. The kinetic energy of the ground slide is therefore given as:
The sliding friction of the ground slide travelling in the channel is neglected in this formulation. Based on 152 the law of conservation of energy, the velocity of the ground slide is given as: 
156
In the separation stage, the compressed air is released from the vent hole (see Figure 1 ) and the ground 157 slide blocks the gas from flowing into the deceleration stage (Zhang et al., 2013a,b) . Further, the pellet is 158 broken up and separated into individual micro-particles by a mesh which then move across the mesh into 159 the deceleration stage. In this process, the initial velocity of the pellet is equal to u which is the velocity of 160 the ground slide. The pellet may lose some energy due to its impact on the mesh which separates it into 161 individual micro-particles. Assuming that the energy loss is x in this process, the process is described 
164
Where n is the number of micro-particles in the pellet; m is the mass of a single micro-particle; u 1 is the 165 velocity of micro-particles after passing through the stopping screen and m p is the mass of the pellet which 
172
The deceleration stage can be separated into two parts. In the first part, the particle travels between the 173 mesh and the target. There is a gap between the mesh and target which allows spraying of the 174 micro-particles on a large-area of the target tissue. Thus, the air drag force acting on the separated 175 micro-particles should be considered in this process. The second step involves modelling the process of 176 the particle penetration in the skin, which requires consideration of the resistance force from the skin on 177 the micro-particles delivery. The micro-particles need to breach the SC and pierce the subsequent layers, 
190
The separated particles decelerate in air before hitting the target (Zhang et al., 2013a,b) . This process is 191 described by the following energy balance equation:
Where E 2 is the final kinetic energy of the separated micro-particle. E sfe is the surface free energy of the 194 pellet and E d is the energy lost due to the frictional drag force from the micro-particles in the air. 195
196
The frictional drag force on a micro-particle in the air is given as:
Where F d is the force of drag, ρ is the density of air, A p is the projected cross-sectional area of the 199 separated micro-particle, C d is the air drag coefficient and u 2 is the velocity of the separated particle in the 200 space between mesh and target.
202
The energy loss due to the drag force is given as: 
213
The drag coefficient C d in equation (12) is an important parameter in the modelling of gas and particle 214 interactions. This coefficient is a function of the particle Reynolds number (Re), which depends on the gas 215 viscosity (μ) and density (ρ), particle diameter (d), and relative velocity (u 2 ) . For the purpose of this paper, 216 the Reynolds number is defined as:
The relationship between C d and Reynolds number, as used in this work, are shown in the appendix. 
227
For the penetration in the target, various studies have adopted that the resistant force on the micro-particle 228 is separated into three components, namely, yield force (F y ), frictional resistive force (F f ) and resistive 
Where μ t is the viscosity of the target, r p is the radius of the micro-particle, ρ t is the density of the target 238 and σ y is the yield stress of the target. 239 
285
The program uses an if statement to define the axial displacement component of the micro-particle is 286 smaller than the space between the mesh and target or the radial displacement component is smaller than 287 l y , the particle will impact on the walls before entering the skin. 288 
298
On the other hand, the radial component of equation (27) is
In the program, we have used an if statement to define the location of micro-particle. If the axial 301 displacement component of a micro-particle is larger than the space between the mesh and target, and 302 the radial displacement component is located at a space between two holes, the particle will pierce into 303 the target skin. If the axial displacement component of the micro-particle is larger than the space between 304 the mesh and target and the radial displacement component is located at a hole area created by the MN, 305 the particle is defined to be delivered in a hole. Thus, a micro-particle is defined to travel forward in the 306 hole, penetrate into the skin, and achieve a further penetration depth inside skin. The model behaviour is 
We define the collisions between micro-particles and the boundary of the gap between mesh and skin are 337 elastic collision, and then the coefficient of restitution is equal to 1. It means that there is no energy lost 338 due to the rebound; only the direction of motion has been changed. 339 340 
343
The impact velocity, particle size and density, target properties are defined as the major variables affecting 344 the penetration depth. The layers of the skin are considered to mimic the human skin in the model (see 345 Figure 3a ). The skin is divided into two distinct macroscopic layers known as the dermis and the epidermis 346 (Parker, 1991; Phipps, 1988) . Stratum corneum is considered as a part of the epidermis layer. Therefore, viscometer, which will be used as a replacement for human skin in the model and shown in 
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The separation stage is implemented using equation (6) Table 4 .
447
The operating pressure is another key variable in the model which affects the velocity of the ground slide.
448
The principle of modelling the acceleration stage is explained in section 2.1.1. Indeed the model results
449
show that the operating pressure has a significant effect on the ground slide velocity ( 
516
Finally, delivery of an arbitrarily selected number of micro-particles, namely one hundred (100) 517 micro-particles, has been simulated to determine the particle's final location in each layer of skin. As 518 presented in Figure 9 , it shows that about 75% of micro-particles stop inside the stratum corneum, 2% is 519 located within the epidermis layer, and 23% penetrates further into the dermis layer. In addition, the The penetration depth of the micro-particles is also related to the size of the micro-particles which is one of 601 the major variables that affects the particle momentum. As presented in Figure 11 , the diameter of the 
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In this paper, the penetration depths of micro-particles are analyzed with respect to variations in operating 676 pressure, particle size, MN size using modelling and experimental results. It is evident that the particle 677 penetration depth increases from an increase of the operating pressure and particle size as the particle 678 momentum is related to those two key variables. In the experiments, the agglomerates provide a greater 679 effect on the particle penetration depth. This is possibly why the model results could not match well with 680 the experimental results in this paper. However, the agglomerates can be prevented by using a smaller 681 pore size of mesh to allow individual micro-particles to pass through which provide obtain a uniform 682 penetration depths of the particles and comparable well with model results. 
